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SUMMARY

The findings of the Committee are as follows:

The physical phenomcena involved in the icing of air-
craft have been analyzed; the data on the subject, although
guite important, nced to be complemcnted by cxhaustive
scientific study.

The meteorological conditions responsible for ice ac-—-
cretion are known and, in a general way, predictable, at
least in Europe.

It is nevertheless very important that this determin-
ation of icing zones be made more precise. These are pure-
1y nmetcorological questions which fall into the province
of thce Fational Meteorological Office; the present report
insists, however, on the usefulness of such a study in
close collaboration with the flying personnel of commercial
as well as of nilitary aviation.

Ia peace timo, the pilot, properly informed by wecather
forecasts, can adapt his flight to a minimun of exposure
to icing. Undcor these conditions, the fight against icing
is reclotively sinmvple,. The main point is that the airplane
is able to maintain full engine power, which means protect-
ing the engine from icing, preventing the ice from coating
the propeller, assuring uninterrupted operation of airplane
equivment, and avoiding unduly thick deposits of ice on the
lecading edges of the wingj it is especially important 1o
keep ailerons and flaps from be eing locked By icing.

<’
*Comité d'Etude du Givrage Rapport du 19 Mai 1938, Bulle-
tin des Scrvices Techniques no. 85, Publications Scilenti-~
fiques et Technigues du HMinistere de 1'Air,
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Ice~coated windshiclds arc very dangerous, espcecially
at the instoant of landing,
Corburetor icing is a problem known for o long time.
isions for pro

Prov pcr heating should be madce in the design
of thc cnginc.

Tho protection of the propeller is of great importance
in order to avold the v1t1mting cffeets of cengine vibrao=-
tions The present mothod of using o liguid with glycol

L ]
broe 1s satisfactorye.

Heating of airplanc oquipment by clsctric resistance

1s incxpeasive and easy to install. De-icing of windows
~s not been correctly accomplished,

The Goodrich de-icor on the lcading edges of wings
and tail surfacoes constitutes o substantial safeguard
ngailast icinge In fact, tiis system of de—-icing is the
only onec, ot presecnt, sufficiently develoncd to be recome
mendede HWevertheless, it should be noted that it cannot
be applicd to slote and flops without considerodble compli-

cation.

Among thoe methods sug
of eclectric heating,

d and not vot tricd outv is
t v he
this subject hold out fovo “\01 promiscs, no o
of 1

S

r the exveriments made on
rececintion

£ its proctic~l valmne ond of its poteontial uscfulness is
possible bocause no actuwal flight tests have becn made
with 1t.

The amaingt icing undoubtedly wvill demand more
poworful thana those consideraed sufficient at pros-
cnt, As ercianl aviation oxpands to the moro scrious
ZONCSs fr novigation vicw point, such as the Horth
Atlantic.

,0nn the other hand, ccecrtainly caonnot
inconveanience, its 1enns of defense
imited solely to the »nresent mcecthods

It appecars, therofore, urgzent thot the flight tests,
necessar: to oo the practical value of the thermoclectric
mothod be made as gnickly ns possible, i1e0., durlag the
winter of 1l938-1953.
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CHAPTER I

ICE OnMAﬂION ON AIRPLATES I FLIGHT

This coating.of ice is formed on certain parts of an
airplane when flying through clouds in a temperature
ranging in general between 0° and -10°,

The clouds which we see in the atmosphere, are saild
to be formed of extremely small water droplets suspended
in the air. Water vapor also exists in greatly varying
amounts, but it is absolutely invisible; it is precisely
this water vapor which by condensing into water brings
forth the microscopic droplets which constitute the clouds.
This phenomenon of condensation presents certain very
important porticularitiocs dbrought out in particular by the
works of the Uorwegian physicist, Hilding Xohler, titled
"On the Water in Clouds," Goefysiske Publikosjoner, vols. 5,
nos 1 - Girondahl and Sons, 0Oslo, 1928.

When an alr mass contbtrining woter vapor is suffi-
clently cooled, this x%por condenses poartinlly to drops

of water, which form condensation nuclel. Thesc condensao-
tion nuclel arc gener l‘y concaeded, after much research
and mony cexpoeriments, to bo constituted of greoins of mi-
croscoplec dust in suspeonsion, or clse ions or, nrefcrably
of particles of hygroscopic salts of magnesium chloride
and sodium chloridce, according to Xohler, with particles
of sodium sulphatc.

The first two are, according to Kohler, the result
of evaporation of sea spray; sodium sulphate comes from the
combustion of sulphur,which is present in coal and coke.
These hygroscopilic salts in the presence of water vapor,
even if ut pressure lower than its maximum pressure for the
existing temperature, have the quality of becoming deli-
quescent oa condensation with woter vapor and to change to

a more and more diluted solution, thus forming o liguid
drope

It secms to be definitely shown by Kohler'l!s as well
as by U.S. investigations (Don HMaclieal - Journal of the
Aeronautical Scieunces, Janvary 1937) that the woter vapor
contained 1n the air of o cloud is generally at a pressure
lower than the saturation pressure; it furthermore appears
that a cloud mass in the atmosphere can be rarcly consid-
cred os being in a state of equilibrium.
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On visualizing in the atmosphere an air mass as be-
coning gradually but consistently cooler and containing
wvater vapor under a c¢értain pressure, the pressure of
saturation of the water vapor for this constantly decrcas-
ing tempeorature itself will continue to decrease: until
therc arrives a moment where it will approach the vapor
pressure cxisting in the particular air mass; from that
monct thc hyg roecopic nucleil suspcended-in this air mass
become dcliqucsccat and form condensation nucleil giviag
rise to drops of watér, which at first are invisiblec be-
causc of thoir very small diameter, and then grow litile
by Little 1if, the‘temperature continuing to 4drop, the con-
densation continues., If the air mass contains no particles
of such hygroscopic salts, the water vapor bogins to con-
dense at a temperature undoubtedly lower (corresnording
to & lower saturating vapor pressure) on any grains of dust
or even lons which will Tbecome nucleci of condensation,

After a certain time, for many causes, drops of dif-
ferent dimcnsions will occur at rclatively close distances
in the 2lr moass; begianing fron thi momon% - the highest
pressurc exXxisting around the smallest drops which have the
greatest convexity -~ the snallcest water drops evaporate
even 1f the water vapor coadenses on the bigser drops which
continue to thickeén progressively

ts 0f the dimension of cloud drop-
lets show a range in diamecter from 0.011 to 0,064 milli-
meters, tac average being 0.027 millineters. The drops of
snaller sizc are not visible separately. Drops approach-

ing 5—millinotcfb c1aroter have been found in certain

Xohler!s measurencn

[..4.

rainses Koller hasg found that the water content of clouds
rarnges from 0,12 grams poer cubic meter in the less deasc
clouds to 1.84 grams per cubic mcter in the most donsc
clouds. ' ' ' '

Thcse drops arc nore dense than air: 1in perfeetly
caln olr they "'lL vertically at o limit speed which can
be computed by tokes! fornuvla. T"hey range from around
0.2 nillizcter por second for drops of 0.0ll-nillimecter
dicmeter to 4.2 nillinmcter per secoad for drops of 0,050-
nillineter diocneter. The biliogest drops which form the
rain have a speed of 7 noters per second, These figures
acgrce with those given by N. Yoth and W. Polte in an ar-
ticle in Luftwissen of January 2, 1935, Thus, the snall
drops renain practically in puupension in substantially
caln air, and the big drowns, forning thick clouds, only in
regions of intensive upcurrents, unless to appear in full
dropn forming the rain below a cloud.
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- If the visuaslized air mass during its cooling process
passes below 00, the drops while becomlns'cooled, remain

-liguid as. the result of . surfusiony-“ If-the ‘temperature

drops considerably the water droplets ultimately becone
crystallized: certain very high and very cold cirrus clouds
are forned by very small ice- crystal

But these droplets in surfusion, which form the clouds
at below 00 temperature crystallize suddenly under the ef-
fect of impact. . This is what happens when an airplane

flies in onc of such cloudse. The phenonenon, however,

scems to be nore complex and the presence of crystalliza-
tion nuclei is necessary to brecak off the state of surfu-
sion. Here is a scientific subject which should Dbe of
greatest intcrest to take upe.

The nolecules of air forced back by the leading edge
of th e*rlnb separatc: one to glide under the lower sur-
face, crcating a conpression and hence a slight rise in
tenmvnerature, augnented by the friction of the air over the
wing surfoce, the other deflected toward the upper surface
in a low=pressure zone where it produces a slight temper-
ature drope.

The pressure distribution over the surface of an air-
plane wing 1s generally known; the temperature distribution
over the surface of the same wing has becen established in
the recent reports of M. Brun (Publications Scicntifiques
ot Teochnicques du Ministerc de 1'Air, no. 119, Reuve Acro-

autigue Internationale, March 1836 and June 1937).

The water droplets which are in suspension in the air
of a cloud arc more dcnse than the air; they are entrained
in the two air streams about. the wing; - ncvertheless, be-
cause of their incrtia a certain number of - them are not
defleceted quickly enough and collide with the lcading edge.
Von W. Bleoccker (de Bilt, Hollande) has found a formula
giving the proportion of such intercepted droplets (Metu—
orologischen Zeitschrift, no. 9, 1932).

A drop of water in surfusion on impact with the 1 ad -~
ing edge causces an abrupt cessation of the state of sur-
fusiony o portion of the water frecezes because of the re—
moval of @ certain amount of heat, 80 calories per gram;
this amount of heat supplemented by that duc to the force
of impact heats the drop that remains in part water -to 0°
C. According to MacNeal (Journal of the Aeronautical
Sciences, January 1937) at -89 C., 10 percent of the drop-
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let is immediately c hwhg>d into ice; at =4° ¢, this frac-
tionn is only 5 perccnt. ‘ o

< Hemee this 90 percent of the droplet exists as water
at o temperature of 0° O, Over this watcr ot 0° C. therec
is o saotuvration vapor pressure of 6.11 millibars, while
the surrouading cloud air will have a saturation wvapor
pressure corrcesponding to the temperature of ~8° 0., or
only 3,12 millibars. Thus o portion of the water will
evaporate by borrowing calorics from the other fraction
of tne woter which then freczes., As the heat of vaporiza-—
tion of water is 600, while the heoat of fusion is 80, it
ig nccegsary only to evaporate 12 percent of the original
droplet to freczce the rest.

Under the chosen conditions of =-8°, roughly 88 per-
cent of the water encountered would be deposited as ice
on the ailrplane, nearly nine teaths of which is caused by
evaporation.

This evaporation is not instantaneocus; if, therefore,
a new droplet in surfusion should strike thig snall ac-
cunuvlation formed of a nixture of ice and water, the water
not yect cvaporated forns lilke cement, which glues the scc-
ond icec pellet so nmuch nore to the first (and likewise the
surface of the leading cdge) as the proportion is grecater.,

It is therefore rendally scen that the ice deposit
an occur under very different aspcctsi the process of
sanc, but the aspcct varics with
il

oraction is alwarys the ’
e fraction of water remaining licuid during the tinc
aterval separating thoe arrivel of two succcssive drops.

. This portion of the water foruing "soft!" varics pro-
portionally to the dincnsion of the droplets, their near-
.ness in the air, the spced of the nirplaene and the temper-—

ature. '
In fact, cxpecrience haos proved the existence of threc
kinds of ice deposits:

1) %he transparcat layer of conpact ice, very tena-
cious, known os glaze ice; it forms in thick
clouds where the drops of wnter are nunecrous
ond ottoains moaxinun dinensions when the tenper—
ature at the same time is o little below 0° O
these arc the conditicns agsuring maxinum of
"soft" in the formation of ice deposit. This
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. forn is the mest dangerous type of icing: the

o

ceaphrieloedding- of. this. very dense layer of ice co

talke plaoce very ropidly. The increascd welbht
on certain parts nmay couse dangerous changes

in the trinm of ‘the airplane, usually followed
by vidrations in struts or cables; ice deposits
on propeller blades .cause violeat vibrations
calanitous for the engine, and the pilot may

be forced to reduce the engine power at the
very instant when the conditioans of fiight are
nost severe; as soon as guch deposits on the
blades reach o certain mass, thoy are flung off
by the ceatrifugdal force: the pilcces nay cause
danage and the shocks always terrify the pas-
;sengers. The ice deposit does not form on the
blade tips; -the grecat linear specd produces
herting of the surface at the same tinc as the
igh centrifugal forecce is opposed to acdhesion.

Such ice deposits form very intensively on an oir-

2) Th

It

wlone flying in o rain of superfuscd woter, os
cceurs when the reclatively large drops of water,
folling from.a cloud in a zonc where the tenper-
ature is above 0° C., pass during falling bolow
00 temperaturc zonc. It is thc sane phenomenon
which gives on the ground, under the sance con-
ditions, the glaze ice, when its toeomperaturc is
a little below 0° C.
¢ ice deposit nay, on the other hand, be pure
waite, opaque and granular in structurc. It 1is
less conmpact and less adhesive than clear ice,
fregueatly disclosing falrly large crystalse.

It forns on lecadiang.edges, usuclly develops very

rapidly in-the 09posit¢ direction to the recla-
tive wind and builds into sharp-nosed deposits
which grad ullv develop 1lunto two divergent de-
posits scparated by a kind of groove parallel
to the:lcading clige.

forns when ‘the liguid cohesive is in snall pro-

..portions in the fornation of the ice deposits a

large anmount of air bubbles is incorporated in
the ice, heace 1tg opacity, its milky aspect,
its greater fragility and lesser adhcesion.

.Such & deposit, frcquently called whlte frost, is

therefore formed in relatively low tenperaturcs
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in less thick clouds where the surfused drops
of water are snaller 'and spaced farther apart.

Quite often the clouds in which such deposits form

are cold enough so that certain drops of water
are already crystallized, starting to form
flakes of snow which also can stick to the ice
deposite

The danger of this deposit, which may develop in

great quantity, lies less in its weight than

in the modification which its presence on the
leading edges causes in the aerodynamic char-—
acteristics of the parts of the airplane (wings,
enpennage, flaps) and in the obstructions which
it may cause in orifices.

Such deposits are not confined to leading edges
3 £

alone: they nay also form in the slots usually
left open between wings and flaps, where the
formation of ice is facilitated by the expansion
of the air at its exit fron the slot. It quick-
ly impmobiligzes the flaps, Dblocking the controls.
Such deposits were the cause of several fatal
accidents (the accident at Pittsburgh in the
U.S. in February 1937); it is particularly don-
ZeTrous.

Projecting parts and even simple rough spots on

wing surfaces, such as rivet heads, provoke the
formation of an icc deposit.

3) Lastly, there is a type of deposit having the as-

pect of a very thin coot of white ice, of crys-
talline aspect, which may cover the whole air-
plane; it forms outside of the presence of
clouds when a cold airplane enters a warner
layer of air containing considerable invisible
water vapor, In this case, the white frost
that forms is the result of dircet transforna-
tion of the vapor in the atmosphere into ice
which coats the cold surfaces of the airplane.

the airplane heats rapidly in this colder air
the formation of ice is usually of short dura-
tion and the layer formed remains very thin;
whereas it has no effect on the flight of an
airplane, it may nevertheless becone dangerous:
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by forming on wiandshields, it obstructs the
. in. R

pilot's vision, and may have serious conse-
S e moccguences incase “of landing.e - T

Aside from these ico deposits on windshields and
cabin windows, therc is another which forms on the ianside
of windowpancs when the airplane flics in a cold atmos-
phere, recgardless of its nebulosgity: the water vapor
causcd by the breathing of the crew condenses to ice on
the windows when the cabin heating becomes insufficiente.
This deposit of opagque ice on the glass of windshicelds
is extremely dangerous for landing.

A dangerous deposit of opaque ice forms in the sanme
way on the instruncnt dials when the tenmperature of the
pilot'!s cockpit drops enough as happens when, preparatory
to landiag in cold weather, the pilot, inconvenienced by
the lce formed on the windshiceld, opens the window.

Ice also forms on the radio aerial; it may result
in breaking of the cerial due to the increasced weight
(long trailing antenna) or as a result of vibrations which

it induces (fixed antcnna). Ice fornmed on antennas vitiates

their conditions of radiation, hence reduces 1ts rangc.

Lastly, certain airplne instruments opesrated by air
nozzle, such as speed indicators, may become immobilized
by ice deposits: the expansion produced in the tube and
the lowered temperature resulting therefrom facilitate
this ice deposit when the airplane flies through clouds at
low tgnperature and may occur before a deposit has been
noticed at any other spote Thisg icing of the instrumcnts
during blind flying may have, indirectly, the most serious
cConseguences.

CHAPTER II

CARBURETOR ICING

There is yet another particular case of icing, namely,

of the carbucrtor. Rccognized from the beginning of avia-
tion, it remedy is perfectly known.

The. fucl in an internal combustion enginc onters the
carburcitor through an atomizing cone in form of extremely
fine droplets in the air inducted from the outside.
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Thesec droplets are transformed to vapor which mixecs
with the pure air to form the carbureted mixture which
enters.the cylinder through the intake valve. The cal-
ories necessary for this evaporation are taken from the
walls and the inducted air.

If tese are too cold, the vaporization of the fuel
is incompletes; part of the fuel remains ag liguid in the
inlet pipe; the carbureted mixture becomes poorer, the
cngzinc misses; its power output deecreases, vibrations en-
sue, and perhaps even backfiring, whieh becomes a fire
hazard.

If this cold air, which enters the carburetor, con-
taing too much water the cooling of this air nccessitated
by the vaporization of the fuel may lead to freezing of
the liguid water contained in the air: it forms ice which
obstructs the spray nozzle, partly obstruects the inlet
pipe and blocks the throttle valve. This is a grave cause
of bad running of the engine.

It can be remedied by spraying alcohol along with the
fuel in the carburetor: the mixture of alcohol with water
lowers the frecziag point in proportion which may be suf-
ficient; but the best solution is to provide adequate
heating of the carburetor ond of the air inlet manifold.
This heating already necessary to assure good carburetion
in case of low tenperature 1s obtained by hot o0il or hot
water circulation or by exhaust gas about the induction
pipe. Every designer knows how to obtain proper heating
of the inlet air. An engine with carburetor susceptidle
to icing is an engine either poorly desizned or else oper—
ated under conditions for which it was not intended.

CHAPTER III
COMBAT AGAINST ICING
Following the discussion of the physical phcnomena
underlying the formation of an ice deposit, the potential
methods of ice prevention are examined..
1. Flight Tactics

First of all, attenpts are being made to define the
zones where the conditions are favorable for icing.
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" The neteorological offices of the various countriss.

" (Burope and the U.S.) have undertaken. the study of this.

problem in collaboration with international conferences.

At the present stage, meteorology can, ‘in its fore-
casts, indicatc the distribution of temperatures in the
atmosphere in plan as well as in altitude, hence indicate
to the pilots the situation in the atmosphere of the zero
isothern which marks the entry in a zone of potential
icing hazard if the airplane encounters clouds.

Equipped with such information before taking off, the
pilot can adopt some flight tactic, that is to say, modify
his itinerary so as to avoid the dangerous zone, to cross
it by as short a route as his available means of defence
permit.

A note published by the British Meteorological Office
(Ice Accretion on Aircraft - Wotes for Pilots, by G. G.
Simpson, 1937) outlines the principles of these tacticse.

The position of this zero isotherm in the atmosphere
should be given every day, especially over certain re-
glions which seem favorable to icing. It is standard prac-—
tice in France as in several other European countries.

Uafortunately, the temperature is not the only mete-
orological factor that determines the formation of 1ice
deposits on an airplanc, The position of the zero isotherm
and of the temperature distribution merely permit an indi-
cation of a risk of icing. It calls for a more exhaustive
study of the different meteorological conditions involveds:
the proportion of water in the clouds, the dimensions of
these dropns of water. Such a study is under way in France,
comprising obscrvations on Mont Ventoux, observation by
airplane and radio soundings. -

It is not within the prcvince of the Committee-to di-
vulge the detalls of this work.

2. Protection by Doping

The method which appearcd to be the most attractive
consisted in covering the leading edges with varnish ca~
pable of preventing the adhesion of icicles that form the
momoent the phenomenon of surfusion stopse. It was found
after many trials that o grease, fluid enough to spread



12 N.A.C.A. Technical‘Memoraﬁdum Ho. 219

evenly, consistent enough to adhere well in spite of the
wind, gave but very transient protection. The first
icicles formed on the coating of grease ailhere badly and
arc, in fact, flung off by the wind, but in doing so
they olso carry off a little of this protcecctive zrcase,
which, after a certain time, disappears altogether,

The methocd is appropriate if the greacse can be re-
newed during flight and that is possidle only on the pro-
peller where the centrifugal force gives the means to re-
form it coastantly.

At present, the experiences of the air navigation.
companies with a slinger ring have been very satisfactory.
A reservoir suitadbly attached %o the propeller hub (sling-
er ring) and properly fed by a pump throws over the lead-
ing edgze of each dplade a liguid viscous and at the sane
time liquid cnough and with very low freezing point. All
the various manufacturcers use a fluid with glycol base.
The consumption is small and the propcllers are adequate-
ly protccted.

This safeguarding of the propeller is of primary im-
portonce, because an. ice demnosit on the blades causes vio-
lent vibratiocas in 3the cngine, which may force the pilot
to throttle the eagine at the very instant where icing of
the wings involves increased weight and = loss of speecd,
which necessitates the use of the wholec force of traction
in order to continue flight during which 1t may be necces~-
sary to climb.

Apart from the propcller, this method has given no
satisfactory results, save for protecting certalin Jjointse.
Chromium plating the leading edge so as to assure perfect—
1y smooth surfaces was tried out in Holland and in Fraunce,
but no satisfactory practical results were achieved.,

3. Mechanical Processes
A different principle
ing the ice coating which f
tive wind to pull off the pi
adhesion.,

tried out consisted in separat-
ormed, leaving it to the rela-
ieces after they have lost their

three distinctly different methods:

In this manner,
al, and thermnal were considered.

rmechanical, chemic
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The Goodrich Rubber Conpany, U.S.A., has developed
~a-device‘forwbpeakinglwp~thaufiLMMOfw103w°nmthemleading :
cdges of :‘wings. After its practical use had been proved
by U.S. companies, the Goodrich de~icer was tried out on
several airplanes of the Air France during the winter
of 1935-36, Because of the sotisfactory results, this
method was cmployed on all airplances of the Air France
during the winter of 1936-37. In the winter of 1937-38,
its use had sprcad to most all other Buropecan air lincs.

The principle is as follows:

The leading edge to be mrotected is covered by a
sheet of rubber, containing ducts running lengthwise of
the leading edge and forming air pockets. 4 small punp
and a distributor inflate +the different chanbers by
alternating pulsations. The distributor 1s designed to
assure onc full cycle in 40 seconds at crulsing T.Pe.hl.

This deformation of the leading edge breaks the ice
adhering to it and the wind carries off the picces. The
pneunatic shects are fitted over thce leading edges of the
wings and the tail surfaces. ¥aturally, it incrcases the
wcight of the airplane a 1little, anmounting to 50 kilo-
grans (110 1b.) on a largc three-engine airplanc. Sone
saving can be cffecited by utilizing the vacuun punps in
service on the airplanc for other uscs. When in operation,
the de-icer nodifies the profilec of the leading cdge,
which causcs a slight increasc in drag that nay not be
negligible on a very clean airplane.

So its use is prectical in spite of the high cost of

installation and in spite of the service preccautions ne-
cossary: it must be disnantled at the cnd of winter and
2ll picces of rubber be stored away from light and heat.

“The attaching of the shect over the leading cdge
requires care so that the holes made in the wing covering
create no dangerous lines of least resistance. The in-
stallation problem has not been completely solved as far
as high-speed alrplanes arc concerned. It is still be-
lieved that holes occur in the ‘rubber ductse. This danger
is perhaps not menacing for civil aircraft; nevertheless,
it has been verified that chunks of ice broken away fron
a propeller blade hit the leading edge of the wing and

made o decp cut in the rubber sheet.

Certain electric discharges hove also becen observed,
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particularly when the airplanc approached certain snow
clouds, producing sparks which punctured the rubber sheet.
The Goodrich Comnpany believes to have remedied this by
covering the rubber with a coat of plumbago

For European flying, where the stops are close to-
the weatnher forecasts numerous and gencrally ac-
tc, the Goodrich systen may be sald to give adequate
ction to a wing. However, in one recent case of
(Jenuory 4, 1938) the Czechoslovakian Company re-
ks that the Goodrich de-icer broke the ice film, but
the wicgeces stueck to the wing, continuing to thicken
through the addition of new water droplets, reducing the
airplane specd from 220 km/h to 170 km/h. However, it was
able to reach its destination (Prague) safely.
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4, Chemical Method
There 1s some promise that the ice film might be re-
noved by melting the inter-laycr that assures the contact
and counscguently the adherence of the ice on the leading
edgee The meothod consists in coating this layer with a
gsubstance which, in solution with water, has a freezing
tenperature below 0°,

S

Hunmerous experincnts have been nade, especially in
England. A nizxture of glue, soap, nmolasses, and sodium
chloride tried out was casy to apply. It freezcs when
dryin° and doetaches the ice film completely. But it

reduclly wears out the covering and after o certain tine,
Jho ice renains adhecrent to the leading edge.
ckspoiser, an English engincer, then attenpted to
remove this difficulty in a different nonner. Jis nmethod
conngigted of o permeable fabric on the leading edge,
which 1s steadily dampened by a glycol liquid that prevents
the ice from adheringe. Wiand-tunnel tests have been satis-
factory, lent this device has not yet been perfected in
practical use.
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5. Thermal Method

hile the use of exhaust gases has practically elimi-
nated the hazard of carburetor icing, the heating of sur-
faccs somec distance away from the eungine prosents some dif-
ficulties in heat transfer.
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So long as snall surfaces, such as pitot tubes, arec

‘involved, the heat transport by electric current .is very
sinple and gives satisfactory results. The Badin speed

indicator tubes are heated by an electric resistance
branched in the 24-volt circuit of the airplane, The in-
put voltage is small, about 25 watts.

A very conplete study of this problem has been made
by Brun, Jampy, and Lecardonel (Revue Aeronautique Inter-—
nationale, no. 19, March 1936). The question arises
whether this method could equally well be applied to the
large surfaces of leading edges.

. A study by an engineer of the Goodrich Company, pub-
lished in the New York Times of October 27, 1935, tries
to denonstrate the practical impossibilitj of utilizing
heat for de—-icing. He states that, according to labora-
tory experiments, to protect a Douglas DC2 against icing
as completely as with a Goodrich device (which covers 180
squarce fect of surface) would requirc a power of 270 hp.,
this power to be raiscd to 630 hp. if the device were not
used until ice had formed (operation as de-icer). These
figurcs, althougsh frankly disputable, impress aeronautti-
cal circles.

Nevertheless, attempts have becn made to utilize the
exhaust gases. In fact, it was successfully tried on the
Macchi C72 speed-record airplane, October 1934, 3But such
a solution obviocusly nust be incorporated when the air- .
planc is constructed. '

The uwtilization of the calories lost in the exhaust
gases seens to pernit an especially economical organiza-
tion of heating of surfaces, but herc again the obstacles
are grave as soon as onec wants to pass to realization,
The hot exhaust gases attack the metal, especially when
leaded fuels are used, and the possibility of water vapor
contained in the gased may add to the ice film instead of
nelting it. .

In surface heating by electric current, the problenm
does not involve the heating of the total mass of the
wing moving in an atnosphere whose tempcerature is below
0° to a temperature above zero, but merely surfaces on
which the ice film is formed.

On this principle the device developed by Rideau and
Ducret is bascd. It consists of a very thin conducting
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surface formned of very thin wire mesh, which heats up
when an electric ciurrent is passed through it. It is
applied over the leading edge from which it is separated
by o layer of dope which forms a thermal and an electric
insulator. It is & thin layer (total thickness about
2 nn) of cork. Thus the temperature of the surface is
independent of the temperature of the wing and the whole
electric eanergy is utilized to heat this single surface.

Hence, when an airplane, fitted with this device,
passes through a cold atmosphere, the electrically heated
wirc nesh heats this surface to a certain temperature of
equilibriun defined by

1) The temperature and the state of moisture of the
outside atnosphere;

2) The friction of the air resulting from the air-
plane speecd;

3) The phenomena of compression or expansion pro-
duced in the different regions of the wing due
to its profile, angle of attack, and speed;

4) The voltage input.

Thig prodblem has been thoroughly explored in the lab-
oratory by Brun and described in two reports (Revue Aero-
nautigue Internationale, nos. 19 and 24, May and June,
1937), and tried out on & full scale airplane wing at the
Puy—~de-Domne peak under natural icing conditions in winds
as high as 100 kn/h.

If the temwverature of equilibriwun of the heated sur-
face is above 0°, there is no ice film and the systen op~
erates as anti-icer.

The consumption of the order of 0.5 kilowatt per
square neter, for a speed of 300 km/h and =-1° tenperature,
substontially agrees with that obtained at the Puy de Dome
(400 watts per sguarc umcter, at 22 m/s spced and -3.3° C.
tenperature)

If this tenperature is below zero, an ice film forms,
the outcr surface of which remains watery as a result of
the incessant arrival of new drops in surfusion, the solid-
ification of which maintains the temperature at 0° for
several moments.
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Beginning at this moment, the wires of the wire mesh
are-protecited from the air current by this thian film of
ice at a temperature very little below 0°. The eéhergy
which causes the eleciric current to flow is therefore
solely transmitted to this ice, Since ice is & poor con=-
ductor of heat, this encrgy is utilized to melt the pre-
liminary contact layer between ice and heating surface.
The ice is scparatcd and the system opcrates as de-iccer.

An appraisal of the practical use of this system is,
of course, precdicated on tho knowlcdge of the encrgy nee-
cgsary for making this preliminary layer melt.

Brun estimates that to clear a space of 1 m® of ice
requires, if the temperature is 0, an energy of 14 kilo-
joulos, or 1 hp. for 19 scconds. This oncrgy nelts 42
grons of ice and consequontly the formation of a film of
water about 1/20 nn decp

If t+he tenperaturce of the iced mock-up is below 0°,
the energy necessory for ice removal will be of the order
of 15 kilojoules or more for lowering the temperature 1°.

These cxperimental ro"uJ s ohtoined in a calm atmos~-
phere do not reproduce the conditions in flight, In the
tosts at Puy dc Dome made under similar conditions (with-
out reaching them sinco, in particular, the spceds are
for below airplanc speeds) 2 much greater cnergy was found
for the de-icinge. Undcr the most unfavorable conditions
it scems possible to undertake flight tests with a mininum
of 2,000 watts per square noter.

If the temperaturce of the ice drops, the cnergy ro
quircd naturally increcases, becausc the calorics are first
utilized to raise the temperature of this preliminary ice
film to 00,

If the dc-icing systenm is not put into opecration un-
til aft2r o thin layer has been formcd, the temperature
of the ice will drop only slowly below 00, since it is
deposited on an insulating film and the phenomenon of ic-
ing continues on its surfacce.

It moy happen, however, that the surface on which the
ice continucs to build up assumes a tempernture below 0°,
as is the casce 1f very little liquid water 1s preserved
during this formation: low temperature, water drops snall

nd rclatively spaced,; whe?c ice has the aspect of white
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frost: it contains a great mony air bubbles: it is easier
to renove because it adheres not in a continuous surface
but in a scries of snall contact surfaces scparate fron
onc another,. The apount of heat reguired to detach the
ice will thereforc certainly not be very great.

Lastly, assune that the heating current is not start-
od until after a compact layer of ice has formed, whilc
the airplanc has left the ice cloud and entcred a clear

tn0°bnp1e at a very low tenperaturec. In this cose, the
tenperaturc of the ice will be below 00, hence the hent
units rcaouired to raise the preliminary layer to 0° and
then to meclt the ice in this layer. The fact that this
prelinminary layer which concerns nelting is thermically
insulated from the outside air by the ice film and fron
the airplanc nass by the cork interlayer shows thoat thi
prcelininnry loyer certoinly will melt, no matter what the
outside tenperature is. The tinme regquired for this melt-
ing will aoturally be a fu ‘Oth“ of the horsepower under
which this cnergry is delivercd. Since the ice does not

continue to accunulnte its romoval is not so uwurgent in
this casc.

dowever, onc guestion may be asiked. In the case

whera this de-icing system is not put into operation un-
til a conpact film has forned on the leading edge which
cncloses 1t, will the relting of the prelininary contact
layer pernit the break-up of this cap of ice. his igs a
gucstion the answer to which nust be postponcd until after
flight testse In point of fact, such a thermoelcctric
systen of de-icing can not be Jjudged until after flight
vtoeste.

It 107 be stated, however, that the nethod of de-

icing by insulatcd hecoti “@ surfacec scens to praesent the
best coaditions for the ice renoval by the elcctric heat-
ing mocthod.

In the a nce of Lcoasurerncnts on an airplanc in
flight, 1t is npoqsible to spocify the operating condi-

¥

tlions of such a device by figures, particularly, to0 state
the aunber of kilowatts necessory to assurce the renoval
of icec fronm alrplone. The determination of this fig-
ure is indispensable to judge the practicoal wolus of the
rethods The doata obtained so far from various experinents
give the necessary basis to undertake actual flight tests.

)
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This figure is a function of the total surface which
nust be heated and of the nunber of seconds reserved for
the operation.
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The size of the surface to .be heated depends, of
course, on the span of the airplane, but it is evill nec-
‘essary to determinme the width-of the strip to be heated
for each airfoil section.-

On this point, it is imperative to check in flight
tests the data obtainable only in approximate fashion
wvhich are %o serve as a starting point for the tests.

It is difficult, in thoe face of this lack of infor-
mation, to try to comparce this thermal method with the
nochanical (Goodrich) mcthod. :

It is recommended that the flight tosts be made dur-
ing the coming winter. The Committce assurcs its utmost
collabvoration with this progran.

Yud

f. De-icing of Jindows

Attenpts to prevent ice forming on windows by heat-
ing them throuzh eloctric conductors imbedded in the glass
or spraying the outside with some liguid (generally alco-
hol) whose prescnce lowers the freczing point of water
have given no satisfectory solution, as even melted ice
confuses the pilot's vision, although this trouble can bo
minimized with o windshicld wiper.

CHAPTER IV

ICING INDICATOR

It has often been reguested theot airplancs should be
fitted with an indicator which would notify the pilot
when icing storts.

To be surec, the pilots should be inforncd, and as
accuratcly as possible, of any changes in the netcorolog-
ical conditions of the atmosgphere. But no instrument has
as yot been poerfeeted which will indicatc to the pilot
the onset of icc formation.

It is theroforo rccommended that studics be nade in
this direction.

Attention is also called to the work of Mirles, whosc



20 © W.A.Cu.A. Technical Mémorandusm No. 919

icing indicator has shown satisfactory results at the Puy-
de-Dome and was 10 be tested during the next winter.

The problem of warning devices, as well as the report
of tests made by the department during the first winter
canpaign at Puy~de-Dome (1936-37), have been described in
Bulletin des Servicces Technigues no. 78.

Translation by J. Vanier,
Tational Advisory Comnittee
for Aeronautics.
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